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Background on Mouse as a Model Organism 

Over the past century, the mouse has developed into the premier mammalian model system 
for genetic research. Scientists from a wide range of biomedical fields have gravitated to the mouse 
because of its close genetic and physiological similarities to humans, as well as the ease with which 
its genome can be manipulated and analyzed. 

Although yeasts, worms and flies are excellent models for studying the cell cycle and many 
developmental processes, mice are far better tools for probing the immune, endocrine, nervous, 
cardiovascular, skeletal and other complex physiological systems that mammals share. Like humans 
and many other mammals, mice naturally develop diseases that affect these systems, including 
cancer, atherosclerosis, hypertension, diabetes, osteoporosis and glaucoma. In addition, certain 
diseases that afflict humans but normally do not strike mice, such as cystic fibrosis and Alzheimer's, 
can be induced by manipulating the mouse genome and environment. Adding to the mouse's appeal 
as a model for biomedical research is the animal's relatively low cost of maintenance and its ability to 
quickly multiply, reproducing as often as every nine weeks. 

Mouse models currently available for genetic research include thousands of unique inbred 
strains and genetically engineered mutants. There are mice prone to different cancers, diabetes, 
obesity, blindness, Lou Gehrig's disease, Huntington's disease, anxiety, aggressive behavior, 
alcoholism and even drug addiction. Immunodeficient mice can also be used as hosts to grow both 
normal and diseased human tissue, a boon for cancer and AIDS research. 

In the early days of biomedical research, scientists developed mouse models by selecting and 
breeding mice to produce offspring with the desired traits. Researchers also learned to produce 
useful, new models of genetic disease quickly and in large numbers by exposing mice to DNA- 
damaging chemicals, a process knovm as chemical mutagenesis. 

In recent decades, researchers have utilized an array of innovative genetic technologies to 
produce custom-made mouse models for a wide array of specific diseases, as well as to study the 
function of targeted genes. One of the most important advances has been the ability to create 
transgenic mice, in which a new gene is inserted into the animal's germline. Even more powerful 
approaches, dependent on homologous recombination, have permitted the development of tools to 
"knock out" genes, which involves replacing existing genes with altered versions; or to "knock in" 
genes, which involves altering a mouse gene in its natural location. To preserve these extremely 
valuable strains of mice and to assist in the propagation of strains with poor reproduction, researchers 
have taken advantage of state-of-the-art reproductive technologies, including cryopreservation of 
embryos, in vitro fertilization and ovary transplantation. 

The Jackson Laboratory, a publicly supported national repository for mouse models in Bar 
Harbor, Maine, has played a crucial role in the development of the mouse into the leading model for 
biomedical research. Established in 1929, the non-profit center pioneered the use of inbred laboratory 
mice to uncover the genetic basis of human development and disease. In fact, the famous "Black 6" 
or C57BL/6J mouse strain whose genome is the focus of the landmark sequencing effort was 
developed in the early 1920s by The Jackson Laboratory founder Clarence Cook Little. 



Today, researchers at The Jackson Laboratory pursue projects in areas that include cancer, 
development and aging, immune system and blood disorders, neurological and sensory disorders, and 
metabolic diseases. Informatics researchers work with the public sequencing consortium to curate 
and integrate the sequenced mouse genome data with the wealth of biological knowledge collected in 
Jackson's Mouse Genome Informatics resource. 

In addition. The Jackson Laboratory distributes 2,700 different strains and stocks as breeding 
mice, frozen embryos or DNA samples. In FY 2002 alone, the lab supplied approximately 2 million 
mice to the international scientific community. 

Listed below is a sampling of mouse models developed and/or distributed by The Jackson 
Laboratory, along with brief descriptions of the human diseases they are helping scientists to 
understand: 

• Down Syndrome - One of the most common genetic birth defects in humans, 
occurring once in every 800 to 1,000 live births, Dovm syndrome results from an extra copy of 
chromosome 21, an abnormality known as trisomy. The Ts65Dn mouse, developed at The Jackson 
Laboratory, mimics trisomy 21 and exhibits many of the behavioral, learning, and physiological 
defects associated with the syndrome in humans, including mental deficits, small size, obesity, 
hydrocephalus and thymic defects. This model represents the latest and best improvement of Down 
syndrome models to facilitate research into the human condition. 

• Cystic Fibrosis (CF) - The Cftr knockout mouse has helped advance research into 
cystic fibrosis, the most common fatal genetic disease in the United States today, occurring in 
approximately one of every 3,300 live births. Scientists now know that CF is caused by a small 
defect in the gene that manufactures CFTR, a protein that regulates the passage of salts and water in 
and out of cells. Studies with the Cftr knockout have shovm that the disease results from a failure to 
clear certain bacteria fi-om the lung, which leads to mucus retention and subsequent lung disease. 
These mice have become models for developing new approaches to correct the CF defect and cure 
the disease. 

• Cancer - The p53 knockout mouse has a disabled Trp53 tumor suppressor gene that 
makes it highly susceptible to various cancers, including lymphomas and osteosarcomas. The mouse 
has emerged as an important model for human Li-Fraumeni syndrome, a form of familial breast 
cancer. 

• Glaucoma - The DBA/2J mouse exhibits many of the symptoms that are often 
associated with himian glaucoma, including elevated intraocular pressure. Glaucoma is a debilitating 
eye disease that is the second leading cause of blindness in the United States. 

• Type 1 Diabetes - This autoimmune disease, also knovm as Juvenile Diabetes, or 
Insulin Dependent Diabetes Mellitus (IDDM), accounts for up to 10 percent of diabetes cases. Non- 
obese Diabetic (NOD) mice are enabling researchers to identify IDDM susceptibility genes and 
disease mechanisms. 

• Type 2 Diabetes - A metabolic disorder also called Non-Insulin Dependent Diabetes 
Mellitus (NIDDM), this is the most common form of diabetes and occurs primarily after age 40. The 
leading mouse models for NIDDM and obesity research were all developed at The Jackson 
Laboratory: Q?/", Lep""^, Lep/^ and tub. 

• Epilepsy - The "slow-wave epilepsy," or swe, mouse is the only model to exhibit both 
of the two major forms of epilepsy: petit mal (absence) and grand mal (convulsive). It shows 
particular promise for research into absence seizures, which occur most often in children. 

• Heart Disease - Elevated blood cholesterol levels and plaque buildup in arteries within 
three months of birth (even on a low-fat diet) are characteristics of several experimental models for 



human atherosclerosis: the Apoe knockout mouse and C57BL/6J. 

• Muscular Dystrophy - The Dmd mouse is a model for Duchenne Muscular 
Dystrophy, a rare neuromuscular disorder in young males that is inherited as an X-linked recessive 
trait and results in progressive muscle degeneration. 

• Ovarian Tumors - The SWR and SWXJ mouse models provide excellent research 

platforms for studying the genetic basis of ovarian granulosa cell tumors, a common and very serious 

form of malignant ovarian tumor in young girls and post-menopausal women. 
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The Knockout Mouse Project 



Mouse knockout technology pcx^vtdes a powerful means of elucidating gene function In vivo, and a publkly available 
genome-wide collection of mouse knockouts would be significantly enabling for biomedical discovery. To date, published 
knockouts exist for only about 10% of mouse genes. Furthermore, many of these are limited in utility because they have 
not been made or phenolyped In standardized ways, and many are not freely available to researchers. It is tinre to harness 
new technologies and efficiencies of production to mount a high-throughput international effort to produce and 
phenotype knockouts for all mouse genes, and place these resources into the public domain. 



Kow that the human and moose genome 
sequences are known attention has turned 
to elucidating gene function and Identifying 
gene producu that might have therapeutic 
value. The laboratory niouse (Mus musa^us) 
has had a prominent role in the study of 
human disease mechanisms throughout the 
rich, 1 OO^ycar history of classical mouse genet* 
ICS, exemplified by the lessons learned from 
naturally occurring mutanU such as agouti^ » 
redcr* and obese*. The large-scale production 
and analysis of induced genetic mutations in 
wtirms» flics, Eebrafish and mice have greatly 
accelerated the undcrstaiuUng of gene function 
in these organisnti. Among the model organ- 
isms, the mome offers particular advantages 
for the study of human biology and disease: (i) 
the mouse is a mammal, and its development, 
bod)' plan, physiology, behavior arul diseases 
ha\'e mudi in common vrith those of humans; 
(ii) almost all (99%) mouse genes have 
homologs in humans; and (iii) the mouse 
genome supports targeted mutagenesis in spc* 
ctfic genes by homologous recombination in 
embryonic siero ( ES) cells. aUowing genes to be 
altered efHcieoliy and precisely. 

The ability to disrupt, or knock out, a spc- 
ciik gene in ES cdls and mice was developed 
In the late 1980s { ref. 7). and the use of knock- 
out mice has led to many insights Into human 
biology and dbcase*"". Current technology 
also permiu insertion of 'reporter' genes into 
the knocked-out gene, which can then be 
used to determine the temporal and spatial 



The Orniprehemitv Kn0ck0ut Moute 
Projea Coruoriium* 

* Authors and their affiUatu>m art Uited at the 
end of the paper* 



expression pattern of the knocked-out gene in 
nu)use tissues, 5udi marking of cells by a 
reporter gene faciliuies the identification of 
new cell types according to their gene expres- 
sion patterns and allows further characteriza- 
tion of marked ti»uet and single cells. 

Appreciation of the power of mouse genet- 
ics to inform the study of mammalian physi- 
ology and disease, coupled with the ^ulvent of 
the mouse genome sequence and the ease of 
producing mutated alleles, has catalyzed pub- 
lic and prhatc sector initiatives to produce 
mouse mutants on a large scale, with the goal 
of eventually knocking out a substantial por- 
tion of the mouse genome Urge- scale, 
publicly funded gene- trap programs have 
been initialed in several countries, with the 
International Gene Trap Consortium coordi- 
nating certain efforts and resources'*"^'. 

Despite these efforts, the total number of 
knockout mice described in the literature Is 
relatively modest, corresponding to on))' - 1 0% 
of the -2S.O00 mouse genes. The curated 
Mouse Knockout 8t Mutation Database lists 
2,669 unique genes (C Rathbone, personal 
communication), the curated Mouse Genome 
Database lists 2,847 unique gaies, and an 
analysis at Lexicon Genetics identified 2,492 
unique genes (B.Z., unpublished data). Most 
of these knockouts are not readily available to 
scientists who may want to use them in their 
research: for example, only 415 unique genes 
are represented as targeted mutations in the 
Jackson Laboratory's Induced Mutant 
Resource database (S Rockwood, personal 
communication). 

The converging intaesu of multiple mem- 
bers of the genomics community led to a meet- 
ing to discuss the advtsabiliiy and feasibility of 



a dedicated project to produce knockout alleles 
for all mouse genes and place them into the 
public domain. The meeting took place from 
30 September to 1 October 2003 at the 
Banbury Conference Center at Cold Spring 
Harbor Laboratory. The attendees of the meet- 
ing are the authors of this p^r 

Is a systematic project warranted? 

A coordinated project to systematically knock 
out all mouse genes is Hkely to be of enomwus 
benefit to the research community, given the 
deroonsualed power ofknockout mice to eluci- 
date gene function, the frequency of unpre- 
dictcd phenotypes in knockout mice, the 
potential economies of scale in an organbed 
and carefully planned project, and the high cost 
and tack of availability of knodcout mice being 
made in current efforts Moreover, tmf^ement- 
ing such a systematic and comprehensive plan 
will greatly accelerate the translation of genome 
sequences into biobgical insights. Knockout ES 
cells and mice currently available from the pub- 
lic and private secton should be incorporated 
into the ^ome-wide initiative as much as 
possible, although some may be need to be pro- 
duced again if they were made with suboptimal 
methods not indudir\g a marker) or tf 
their use is restricted by intcUecnial property or 
other constraints. The advantages of such a sys- 
tematic and coordinated e0brt indude efTicieot 
production with reduced costs; uniform use of 
knockout methods, allowing for more compa- 
rability between knockout mice: and ready 
access to mice; their derivatives and dau to all 
researchers without encumbraiKe. Solutions to 
the logistical, organizatk>naJ and informatics 
issues assodated with producing, characterix- 
ing and distributing such a large nun^r of 
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Hion 1 Structure of resource pr<}duction in the proposed KOMR Using the mouse genome sequence 
es a foundation, knockout alleles in £S cells will tw produced for all genes. A subset of ES cell 
knocttouts vritl tx used eacti yesr to produce knoclcout mice, deter mine the eiLpres^on pattern of the 
targeted gene in a variety of tissues and carry out screening-level (Tier I) phcrwtyping. In a subset of 
mouse lines, transcriptome analysn and more detailed system-specific (Tkr 2) phenotyping will be 
done. Finally, specialized phenotyrMng will be done on a smaller number ol mouse lines with 
particutarty interesting phenotypes. All stages will occur within the punriew of the KOMP except for the 
specialized phenotyping, whtcti will occur in individual laboratories with particular expertiae. 



mice will draw from the experience of related 
projects in the private sector and in acadcmia» 
which have made or phcnotypcd hundreds of 
knockout mice using a variety of techniques. 
Lessons teamed from these projects include the 
CKcd for redundancy at each step to mitigate 
pipeUne bottlenecks and the need for robust 
informatics systems to track the production^ 
analysis, maintenance aiul distribution of thou- 
sands of targeting constructs, ES ccUs and mice. 

NulUeporter alleles should be created 
The projea should generate alleles that are 
as uniform a& possible* to allow efficient pro- 
duction and comparison of mouse pheno- 
types. The alleles should achieve a balance of 
utility, nexibility, throughput and cost A 
null allele is an Indispensable starting point 
for studying the function of c\rry gene. 
Inserting a reporter gene p-galactosi- 
dase or green fluorescent protein) allows a 
rapid assessment of which cell types nor- 
mally support the expression of that gene. 
Therefore, we propose to produce t null- 
reporter allele for each gene. Making each 
muution conditional in nature by adding 
cii-elements /oxP or FRY sites) would 



be desirable, but we do not advocate this as 
part of the muugen-csis strategy unless the 
technological limitations currently associ- 
ated with generating conditional targeted 
mutations on a large scale and in a cost- 
efTective manner can be overcome. 

A combination of methods should be used 
Various methods can be used to acate 
mutated alleles, including gene targeting, 
geiK trapping and RNA interference. 
Advantages of conventional gene targeting 
include flexibility in design of alleles, lack of 
limitatioD to integration hot spots, reliability 
for producing complete loss-of- fund ion alle- 
les, ability to produce reporter knock- in$ and 
conditional alleles, and ability to target splice 
variants and alternative promoters. BAO 
based targeting hos the potential advantages 
of higher recombination efficiencies and flex- 
ibility for producing complex mutated alle- 
les*^. Gene trapping is rapid, is cost-effective 
and produces a larg< variety of insertional 
mutations throughout the genome but can be 
somewhat less flexible*^-***^*. There is uncer- 
tainty regarding the pacentage of gene traps 
that produce a true null allele and the fraction 



of the genome that can ultimately be covered 
by gene-trap muutions. TVapplng is not 
entirely random but shows preference for 
larger transcription units and genes more 
hi^y expressed in ES cells. In recent studies, 
gene trapping was estimated to potentially 
produce null alleles for 50-60% of aD genes, 
perh^s more if a variety of gene* trap vectors 
Vbith difierent insertion characteristics is 
used"*^*. RNA interference offers enormous 
promise for analysis of gene funoioo in 
mice^^ but is not yet suflldenlly developed for 
LargC'Scalc prcnluction of gene modifications 
capable of reliably producing true null alleles. 
Both gene-targeting and gene-trapping meth- 
ods ore suitable for producing large numbers 
of knockout alleles, and, given their comple- 
mentary advantages, a combination of these 
methods should be used to produce the 
genome-wide collection of nuU-reportcr alle- 
les most efftdently. 

What shouM the dcriverables be? 
A genome-wide knockout mouse project 
could deliver to the research community a 
trove of valuable reagents and data, including 
targeting and trapping constructs -and vec- 
tors, mutant ES cell lines, live mice, frozen 
sperm, frozen embryos, phenotypic data at a 
variety of leveb and detail, and a database 
with data visualization and mining toots. At a 
minimum, we believe that a comprehensive 
genome-wide resource of mutant £S cell lines 
from an inbred strain, each with a di0erent 
gene knocked out. should be produced and 
made available to the community. Choosing 
an inbred line (129/SvEvTac or C57BL/6I), 
and evaluating the alternative of using F| ES 
cells and tctiaploid aggregation to provide 
potential time savings, merits additional sci- 
entific review and discussion^'^^ ES cells 
should be conv'erted into mice at a rate con- 
sistent with project funding and the ability of 
the worldwide scientific community to ana- 
lyze them. Although the value and cost-effec- 
tiveness of systematical!)' characterizing the 
mice is a matter of debate, a limited sei of 
broad and cost •effective screens, probably 
induding assessment of developmental 
lethality, physical examination, basic blood 
tests, and histochemtcal analysis of reporter 
gene expression, would he useful. More 
detailed phenotyping, based on fmdings 
from the initial screen or existing kiMiwlcdge 
of the gene's function, could be dorie at spe- 
cialized centers. All ES cell dones and mice 
(as frozen embryos or sperm) should t>e 
available to any researcher at minimal cost, 
and all mouse phenotyping and reporter 
expression data should be deposited into a 
public database. 
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In dcternruning how' to implemeni the pro- 
ject, utility to the research community should 
be the standard for judlging value Each step 
after ES cell generation {eg., moux creation* 
breedings expression analysu, phenotyping) 
will make the resource useful to more 
researchers but wiU also inacasc cosu arid sd- 
enttfic complexity. Wc thcrcfoie advocate a 
'pyramid* structure for the project (Fig. 1 ). At 
the bate of the pyramid is the genome-wide 
collection of mutant ES cells for every mouse 
gene. Over time, a subset of these rautajit ES 
cetU iltould be made into mice and character- 
ized with an initial phenotype screen (Tier 1; 
Fig. 1) and andyus of tissue reporter-gene 
expression. A subset of these lines should be 
profiled by micioarr ay ana))'sts, and a subset of 
these profiled by system- specific (Tier 2) phe- 
notypingt based on the results of the 'Her 1 
phenotyping, array studies, existii^ knowl- 
edge of the gene's function and the gene's tissue 
expression pattern. With lime, the upper tiers 
of the pyramid will be HUed out, eventually 
transforming the pyramid into a cube, with 
information of all types available for all genes. 

This project will require the resolution of 
numerous intellectual property datmi involv- 
ing the production and use of knockout mice. 
To deal with the existing patents that cover 
the technologies and processes involved in the 
production of muunt rnicc^ we suggest that a 
'patent poot't such as that used in the semi- 
conductor industry^, should be generated. 
Sorral individuatsv^o represent entities that 
control patents on mouse knockout technolo- 
gies arc authors on this paper, and they agree 
with this approach. We also agree that any 
mutant ES cells or mice produced should be 
placed immediately in the public domain. 

Mechanisms and costs 

ES cell production. Autonxated knockout 
construe and ES cell produaion should be 
carried out in coordinated centers to ensure 
efficiency and uniformity. We estimate that 
most known mouse genes could be knocked 
out in ES ccUs within 5 years, using a combina- 
tion of gene-trapping and gene- targeting tecfa- 
' niques. Gene trapping can produce a lar^ge 
number of mutated alleles quickly, but its 
progress should be monitored closely to deter- 
mine when its yield of new genes diminishes" 
and. thereibrc. when targeting should be 
inaeaiingty letied on. As large-scale trapping 
projects have already defined gene classes that 
probably cannot be knocked out by trapping 
single-cxon GPCRs, genes that are not 
expressed in ES cells), wc propose that target- 
ing begin on those classes immediately. All £S 
cdb should be made available to the research 
conununity. because this coUection itself 



would be a valuable resource. Efforts in the 
public and private sectors hwt already 
knocked out many genes in EScdls. and» to the 
degree that die alleles produced fit the pre^ 
scribed characteristics (/.e, null alleles with a 
reporteT) and are available, every effori should 
be made to incorporate these into the planned 
public resource. C^osts for generating this part 
of the resource were estimated at between 
$9-1 1 million/year for Crx years (these and all 
subsequent figures are direa costs). 

Mouse production. The subset of ES cells 
made into mice each year should be chosen by 
a peer- review process. Central facilities for 
high -efficiency mouse production, genotyp- 
ing, breeding, maintenance and archiving 
should be funded, to take advantage of effi- 
dendes of scale in mouse creation and distri- 
bution. Researchers could apply to produce 
groups of mice outside the centers, as long as 
they meet the cost specifications of the pro- 
gram. All mice should be made available 
tnuncdiatdy to researchers as frozen embryos 
or sperm, for nominal distribution cost. An 
initial target of 500 new mouse lines per year 
would double the current rate at which new 
genes are knocked out in the public sector; we 
feel that this rate is within the capadty of the 
biomedical research community worldwide 
to absorb and analyze. We estimated the ini- 
tial cost of this level of mouse production to 
be $12.5-15 million per year. 

Reporter tissue expression analysis. 
Approxiinatcly 30 tissues fi:om adult and 
devdopmental stages should be sampled to 
cover the nxoin oi^gan systems. Anal)>sts meth- 
ods shoiUd be customized to the organ system 
and marker, and a searchable daubase of the 
sites of gene expression, and the images show- 
ing them, should be produced. Centers to 
carry out these analyses and data cu ration 
should be selected by peer review. We esti- 
mated the cost of this component for 500 
mouse line* to be S2.5-5 million per year, 
depending on how mudi tissue sectioning and 
cell-levd analysis Is done. 

Phenotyping, Tier I phenotyping should 
be a low-cost screen for clear phenocypes and 
should be done on all mouse lines produced. 
Tier I should indude home-cage observation, 
physical examination, blood hematological 
and chemistry profiles, and skeletal radi- 
ographs. The centers producing the mice 
should carry out the Tier 1 analyses, at an esti- 
mated cost of $2.5 million per year for 500 
lines. Selected lines, chosen on the basis of 
findings from Tier I phenotyping. tissue 
expression patterns, microarray data and the 
sdentific literature, should undergo more 
detailed and system -focused Tier 2 phenotyp- 
ing. Tier 2 phenotyping should be done in 



spedalized phenotyping centers, akin to those 
already in operation for phenotyping of mice 
produced by EMU mutagenesis. All Tier I and 
Tier 2 fphenotyplng should be done on a uni- 
form genetic background by dedicated groups 
of individuals in single locations, to facilitate 
consistency and aoss-comparison of resulu 
among different mouse lines. All Tier 1 and 
Via 2 phenotyping results should be 
deposited into a central project database freely 
accessible to the research conununity. More 
detailed and spccialixcd phenotyping could be 
done by individual researchers in their own 
laboratories; deposition of this more detailed 
phenotype data would be encouraged 

Transcriptome analysis. Transcriptome 
profiling of tissues from each knockout line, 
collected in a uniform way across aQ mice and 
tissues and placed into a searchable relational 
database, would add substantially to the sci- 
entific i'alue of the project, though it would 
also add considerably to its cost 
Transcriptome analysis should therefore be 
done on a subset of mice, chosen by peer 
review. We estimate that, with the best cur- 
rently available array technology, an analysis 
uf ten tissues would cost -$18,000 per line 

Conclusions 

This project, temathrdy named the Knockout 
Mouse Project (KOMP). will be a audal step 
in harnessing the power of the genome to 
drive biomedical discovery. By creating a 
publicly available resource of knockout mice 
and phenotypic data. KOMP will knock 
down barriers for biologists to use mouse 
genetics in thrir research. The sdentific con- 
sensus thai we achieved — that a dedicated 
project diould be undertaken to produce 
mutant mice for all genes and place them 
into the public domain — is important but is 
only the beginning. Implementation of these 
recommendations will require additional 
input from the greater scientific community, 
including those responsible for program- 
matic direction and financial support of bio- 
medical research in the public and private 
sectors. This ambitious and historic irutiative 
must be carried out as a collaborative effort 
of the worldwide sdemific community, so 
thai all can contribute thrir skills, and all can 
benefit. International discuuions among sd- 
entific and programmatic staffs since the 
Banbury meeting at Cold Spring Harbor, in 
both the public and private sectors, have 
shown that there is great enthusiasm and 
commitment to this vision. The next step for 
KOMP will be to move this visionary plan 
from conceptualization to implementation, 
with an urgency befitting the benefits it will 
bring to science and medtdne. 



MATURE C£NmCS VOLUME 36 | NUMBER 9 I SEPTEMBER 2004 



41S 




URU. The cuntrd Kfoux KnodtDul & Muudon 
Datahase U available at http://meardiJboin.com/ 
mkmd/. The cumtcd Mouse Genorae DaUbose U 
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Special Topic Overview 

Interpretation of Phenotype in 
Genetically Engineered Mice 



Thomas Bootschman 

Background and Purpose: In mice, genetic eagineering involves two general approaches— addition of an ex- 
ogenous gene, resulting in transgenic mice, and use of knockout mice, which have a targeted mutation of an 
endogenous gene. The advantages of these approaches is that questions can be asked about the function of a 
partictilar gene in a living mammalian organism, taking into account interactions among cells, tissues, and 
organs under normal, disease, ii\jury, and stress situations. 

Meihod&: Review of the literature concentrating principally on knockout mice and questions of unexpected 
phenotypcs, lack of phenotype, redundancy, and effect of genetic background on phenotype will be discussed. 

Conclusion: There is little gene redundancy in mammals; knockout phenotypes exist even if none are imme- 
diately apparent; and investigating phenotypes in colonies of mixed genetic background may reveal not only 
more phenotypes, but also may lead to better understanding of the molooidar or cellular mechanism underly- 
ing the phenotype and to discovery of modifier gene(s). 



One often hears the comment that genetically engineered 
mice, especially knockout mice, are not useftil because they 
frequently do not yield the expected phenotype, or they dont 
seem to have any phenotype. These expectations are often 
based on years of work, and in some instances, thousands of 
publications of mostly in vitro studies. Examples of unex- 
pected phenotypes, based largely on experience with trans- 
forming gro\vth factor beta iTgfh) and basic fibroblast 
growth factor {Fgp) knockout and transgenic mice, will be 
presented to discuss possible reasons for unexpected knock- 
out phenotypes. The conclusiona will be that the knockout 
phenotypes do, in fact, provide accurate information con- 
cerning gene function, that we should let the an expected 
phenotypes lead us to the specific cell, tissue, organ culture, 
and whole animal experiments that are relevant to the func- 
tion of the genes in question, and that the absence ofpheno' 
type indicates that we have not discovered where or how to 
look for a phenotype. 

Before entering into how one should interpret unexpected 
knockout phenotjrpes and how one should deal with lack of 
knockout phenotypes, it is necessary to give a brief introduc- 
tion into how knockout mice arc made. For detailed inform a- 
tion, the following reviews are suggested (1-4). TVansgenic 
technology has had a long history; thus, an introduction to 
that technology will not be given here. Rather, the following 
reviews are suggested (5, 6). At this juncture, it should be 
noted that, although transgenic vertebrates ranging from 
fish to bovids have been produced, knockout technology has 
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to date been successful only in mice, even though embryonit 
stem (ES) cells have been produced from several other spe 
des, including liamster (7), rat (8). rabbit (9, 10), pig (U.-13) 
bovine (14, 15), and zcbrafish (16). Consequently, the entirt 
discussion will be focused on mice. 

Knockout mice are generated by the iiyection of gene ti 
cally engineered or gene-targoted ES cells into a mouse bias 
tocyst to generate a chimeric embj^yo, which in turn can past 
on the engineered gene to its offspring. ES cell lines are es 
tablished from tlie inner cell mass of a mouse blastocyst, si 
that when injected into blastocysts, the ES cells can incor 
poratc into the inner cell mass of the recipient blastocysts 
thereby chimerizing them. Subsequent to transfer of the chi 
meric blastocysts into uteri of pseud opregnant mice, chi 
meric mice are bom. If the germline of a chimeric mouse ii 
colonized by cells derived from the injected ES cells, the chi 
mera is termed a "germline" chimera. Some of the ofTsprinj 
of the germline chimeras will then carry the engineere( 
gene in their genomes. Gene targeting in ES ceUs uses thi 
ES cells' DNA repair apparatus to bring about homologou: 
recombination between an exogenous DNA fragment trans 
fectcd into the ES cell and its homologous region in the ge 
nome. Homologous recombination usually results ii 
replacement of the endogenous region with the exogenoui 
fragment, thereby altering the endogenous gene in i 
prespecified manner. There are many variations on this pro 
cedure by which genes can be altered not only to ablate func 
tion, but also to make more subtle mutations (37-19). Sucl 
procedures can be used to introduce point mutations, re 
move specific splicing products, switch isofbrras, and human 
ize genes. In addition, technology has recently beei 
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developed to make conditional and inducible knockouts in 
which gene function is ablated either in a developmentally 
specified tissue (20-22) or in an inducible manner (23-26). 
These techniques, though exciting, will not be further dis- 
cussed. 

Extensive nonrcdundancy in the TCFp famUy: Sev- 
eral thousand cell culture etudes on the tlirGG mammalian 
transforming growth factor beta proteins (TGFPs 1, 2, and 3) 
have implicated these growth and differentiation factors in 
the function of nearly every cell type studied. Expression 
studies indicated unique and overlapping expression of the 
three TGF^ (27, 28). For example, overlapping protein local- 
ixation was found in all gut epitheha, all layers of the skin, all 
three musdo types, kidney tubules, hmg bronchi, cartilage, and 
bone (mic 1). Tbgether with the fact that all three TGF^ sig- 
nal through a common TGF typo-II receptor (Figure 1), these 
data strongly suggest considerable redundancy in function. 
Consequently, it is surprising that, of the >30 phenotypes of the 
three Tgfb knockout mice that weliave described (29-31). none 
appear to be overlapping flUble 2), Tbesa results indicate ex- 
tensive noni«dundancy between TGFfi ligands even though 
there is considerable overlap in cxpresaon. Of course, these re- 
sults do not rule out the possibility of some redurnlancy in some 
tissues. Combination of the Ugand knockouts would uncover 
sudi situations, and it is likely that a few will exist, but 30 non- 
overlapping phenotypes for three ligands strongly suggests 
that a vast number of their functions arc not redundant 

There are several possible explanations for how there can 
be so much overlap in ligand expression and yet so much 
specific Ugand function. First. TGFps are secreted as latent 
peptides and must be activated before thoy can bind recep- 
tors (32-35). The mechanism by which this extracellular 
processing occurs is not well understood and may be differ- 
ent for each TGFp. Henoe, ligand processing presumably de- 
termines some functional specificity for the three TGF(is. 
Second, there is a third type of TGFl^ receptor, TGFpR3, tliat 
can interact with ligand and receptor types I and II before 
cytoplasmic signaling can occur, though involvement of 
TGFpRS is not essential for signaling (36-38). Association 
with type HI receptors is thought to enhance some TGFpRl 
and 2Aigand interactions. Upon ligand binding, the serine/ 
threonine receptor TGFpR2 then associates with and phos- 
phorylates the transmembrane serine/threonine receptor 
TGFPRI. which in turn initiates a phosphorylation-medi- 
ated signaling cascade. Hence, combinatorial rcccptoiVUgand 
interactions will abo determine functional specificity Third, 
signaling from TGFpRl can occur through two cytoplasmic 
signaling proteins called SMAD2 and 3 (39, 40) and, pei^ 
haps, through a third called SMAD5 (41). In addition, 
SMAD6 and 7 can also interact with the other SMADs to in- 
hibit signaling (42-44). Hence, differential SMAD protein 
interactions with transcriptional machinery will probably 
also determine functional specificity for the three TGFp 
ligands. Finally, there may be several non-tronscriptional 
signaling pathways for TGFpa. For example, we have found 
that TGFpl-deficient platelets from Tgfhl knockout mice 
have impaired platelet aggregation that can be restored by 
incubating isolated platelets vrith recombinant TGFpi (un- 
published observations). Because platelets do not have a 
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Tim polyclonal nntibftdies used wore specific for residues 4-19 of TCFpl 
and 2 and rcaiduoB 9-20 of TGP^3. The nvidin-biotin sysUtm was uaed 
for sioining. Data obtained rrom immunohiatochcmicol aludy of Polton 
fltnl (28). Reproduced from TYw^/oufrwIorCeHBfo/ogy. 1991,115:1091- 
1106, by copyright pormisitiun of The Rockiiffiller University PresB. 

nucleus, there must exist a signaling pathway that is 
nontranscripUonal. In summary, given the complexities of 
ligand processing* receptor interactions, and signaling path- 
ways, it becomes clear why redundancy in TGFl, 2, and 3 
function has not heen detected at the whole animal level, 
even though there is considerable overlap in expression of 
Tgfb gene family members. Consequently if oilier gene fami- 
lies function with similar complexity, it is likely that, in the 
final analysis, little functional redundancy vrill bo found 
within gene families. 

Two striking examples of apparent functional redundancy 
are worth considering. The first involves myogenic genes, 
and the second involves retinoic acid receptors. Contrary to 
early interpretations, redundancy does not now appear to be 
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Figure 1. TOFp aignaling pathway. The TGFp liganda, TGFpi OO, TGFP2 (p2), and TGFp3 (p3), exist priamrily in a latent form in vivo 
and are activated by mechanisms not yet clear. In general, TGFI32 interacts with a TGFp type HI receptor mil) before inUractton with 
TGPp type 11 CBIl) and TGFp type I (RI> receptore; wheroaB, the TGFpi nnd TGFp3 ligands can interact directly with the typo II receptor. 
The Hgand receptor complexes can then associate with severaJ cytoplasmic ncjoleculca, famoayl protein transferosG (FPT) and F1C506 
binding protoin*12 (PKBP-12), being two potential exainplQa. The receptor^ligand complex signab to the nucleus through threonine/ 
serine phosphorylation nf a aerieH of SMAD proteina (related to the Drosophila 'mothGrB agaia^t decapontaplegic^ protein) which then 
elicit tranjciptional regulation of extacellular matrix, cell cycle, differentiation and growth factor receptor gcnca, The roles of the ns30ci- 
nted cytoplasmic molecules FPT and FKBP-12 are not clear but are thought to involve HAS patliway signaling and modulation of signal- 
ing tlirough the SMAD proteins. 



the case for two of the myogenic genes known to be essential 
for specification of vortebrate skeletal muscle, Myod and 
Myf5. Even though the individual knockouts have muscle, 
and only the combined knockouts do not have muscle (45), :it 
is now dear that each gene functions in the specification of 
distinct muscle cell lineages. Consequently^ in the absence of 
one source of muscle cells, the other source may compensate 
for that (46, 47). This should be termed developmental com- 
pensation, rather than gene redundancy. On the other hand, 
with respect to retinoic acid receptors, there is also good evi- 
dence for functional redundancy. Similar to the myogenic 
genes, retinoic add receptor gene knockout mice have few 
phenotypes, whereas the combined knockouts have maay 
phenotypes (48, 49). Whetlier this turns out to he gene to- 
dundancy or another case of developmental compensation 
remains to be determined. 



Lack of phenotype: As is the case for TGFp, there also is 
a multitude of reports indicating lliat the FGPs 1 and 2 have 
important roles in numerous cell types and tissues. Conse- 
quently, when the FgJ2 gene was knocked out by gene tai^ 
geting, it was quite surprising that there was no obvious 
phenotype (50). The FgfS'^' animals live a long, healthy life, 
and fertility and fecundity are normal. Even the pituitary 
gland, which is the Ixest source of FGF2, appears not to have 
morphologic defects. The only evidence for any developmen- 
tal abnormalities is found in bematopoicsis (50), where 
blood platelet oounts are high, and in the cerebral cortex (51, 
52), where morphometric analysis reveals decreased cell 
density. Clearly, these abnormalitios are minor, compared 
with e]q>octatians. This was all the more evident because our 
transgenic mice, in which the human FGF2 gene was ubiq- 
uitously overcxpressed by the photsphoglycBrato kinase pro- 
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moter (53). had very short legs, Buggesting an important role 
of FGF2 in bone development, yet the bones of the knockout 
animals were- normal. This apparent discrepancy between 
tlie transgenic and knockout mice indicates that some other 
FGF signals through the same FGF receptor as does FGF2. 
and Uiat this other FGF is the true ligand that is important 
in bone development. Another possibility is that there is de- 
velopmental compensation" by alternative mechanisms. la 
other words, the absence of FGF2 may cause developmental 
abnormalities daring bone development that are then com- 
pensated for by another developmental pathway This alter- 
native would not necessarily require a different FGF to be 

involved. , i * 

After we had made our first analysis of the FgfZ knockout 
mouse and did not find an obvious phenotype. it was easy to 
explain the -nactc of phenotype" by invoking redundancy be- 
cause there are at least 18 known Fgf genes. But in hind- 
sight, it now appears more likely that all members of this 
large gene family have specific functions, even though they 



signal through receptors encoded by only four receptor genes 
(54) In Fgft knockout mice, evidence was not found for up- 
regulation of the two Uganda most structurally related to 
FGF2 namely. FGFs 1 and 5 (50). Also, genetic combination 
of Fgh and FgfS (50) did not reveal redundancy between 
these similar genes. In addition, further analysis of the 
mice revealed roles being played in hematopoiesis and 
vascular tone control (50) as well as in brain development 
and wound healing (51. 52). Finally, in addition to F^/S. 
Fgf3 3-5 7 3 also have been ablated by gene targetmg, re- 
vealing functions in proliferation of the inner cell mass 
{Fgf4) (55); gastrulation and cardiac, craniofacial, fore- 
brain midbrain, and cereboUar development <FgfS) (56); 
brain and inner ear development {Fgf3) (57, 58); and two 
aspects of hair development (Fgfb and 7) (59. 60). Tb date 
comparison of F^/" knockout phenotypes from 6 of the 18 
Fgf genes has not turned up overlap except possibly m the 
cerebellum. Tbgether. these results indicate that each 
gene has important unique functions. Although a few re- 
dundant ftinctions may eventually be found on combina- 
tion oiFgf2 with all other F^A except FgfS, it is clear that 
6 of the 18 Fgf genes studied by gene targeting have been 
associated with essentially unique knockout phenotypes. 

Tb summarize, what originally appeared as "lack of pheno- 
type" led many of us to the premature conclusion tJiat other 
FGFs must have functions redundant to those of FGF2. 
Ho^vever, further analysis of Fg^ knockout mice has sinw 
re\'caled a wealth of unique functions ranging fi^m thromb- 
ocytosis and vascular tone control (50) to brain development 
and wound healing (51. 52). It is my expectation that furtlier 
physiologic analysis of theFjg/2 knockout mouse vnll reveal 
functions in the hypertniphic response to hypertension and 
responses to iscliemiaA-eperfusion injury and bone injury to 
the final analysis, it is likely that Uie major roles of FGF2 
may have less to do with getting us to birth than with keep- 
ing us aUve after birth, whereas several other FGFs clearly 
have developmental roles. 

Efl'ects of genetic background on phenot>'pic varia- 
tion: From 100 years of mouse genetics, it has become clear 
that genetic background plays an important role in the sus- 
ceptibility of mice to many disorders. Therefore, the pheno- 
types of knockout mouse strains will also have genetic 
background dependencies, as was first documented by the 
Magnuson and Wagner gi-oups (61. 62). Tha Tgfbt knockout 
mice are an exceptional case in point (Table 3). On a mixed 
(50'50) 129 X CFl background (CFl is a parUally outbred 
strain) about iialf of Tfi/b J knockout mice die from a preim- 
plantation developmental defect (63), and the other half die 
of an autoimmuno-Uko multifocal inflammatory disease at 
about weaning ago (29). If the targeted Tgfbl allele is back- 
crossed onto a C57B1V6 background. 99% of all knockout 
animals die of the preimplantation defecWOS). However; if a 
Tgfbl knockout allele is put onto a mixed 129 x KIH/Ola x 
C57BL/6 background, embryo lethality is observed dunng 
yolk sac development, not during preimplantation develop- 
racnt (64), With respect to the multifocal inflammatory dis- 
order of Tgfbl knockout mice, if the targeted allele is put 
onto o 129 X CFl mixed background (50:50). severe inflam- 
mation exists only in the stomach (291; on the mixed 129 x 
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Table 3. Bactqrround dependpncy of T^^f bnoefcout phapotypcs 



PhesotTpG penetranoo on various gtrains f%l 



Phoaotypo 



129xCFl 


129 X C57 


J.29 X can 


C67 


120 


C3H 


50 


ND 


ND 


99 


ND 


ND 


0 


0 


ND 


ND 


ND 


ND 


50 


50 


50 


1 


ND 


ND 


SO^ 


ZO** 


ND 


ND 


ND 


ND 


0 


7£P 


ND 


ND 


ND 


ND 


NO 


ND 


ND 


ND 


lao 


0 



l29xCS7)t NlHAJla 



PreimplanmUon lethality 

Volk sac (eihalit;y** 

Autoinununo diiaaso 
Citstric inflammation 
Intestinal innammntion 

Colon cancer* 



0 

50 
SO 
i^D 
ND 
ND 



PercentagG of knockout tmimala of a given stroin that have the design tit »d phonotypo. 
*Por detailj. sec references W, 67, 

"•Appiorimatfily lOft ofanlmala with autoimmane discJwe have no detectable eastrointestinal tract Inflammation. 
■(Jnpublislted observatioDS. 
ND = not detorminod. 



NIH/Ola X C57BL/6 background, the intestines are more se- 
verely inflamed than is the stomadi (65). Finally, on a pre- 
dominantly 129 background (129 x CFl; -97:3), Tgfbl 
knockout mice develop colon cancer if the inflammatory dis- 
order can he eliminated by other genetic manipulations that 
render the mice immunodeficient (unpublished observa- 
tions). However, on a predominantly C3H background, im- 
munodeficient T^/bl Icnockout mice do not develop colon 
cancer (66). These results suggest that modifier genes exist 
that can significantly affect the function of TGFlpl in preim- 
plantation development, yolk sac development, bowel and 
gastric inflammation^ and colon tumor suppression. 
Progress toward localising a modifier gene for the yolk sac 
developmental problem has been made (67). 

What is the best genetic background for knockout 
mico? Because background-dependent phenotypic variabil- 
ity will likely be found for most knockout mice, it will be i:ise- 
ful to backcross a targeted allele onto several mouse 
backgrotmds to make congenic sti-ains. In tliis section, it will 
be argued that putting a targeted allele on a mixed strain 
backgroimd will also provide useful information- This is not 
to say that congenic strains are not useful Rathez; the point 
to be made hare is that there also are benefits to looldng at 
mixed strain backiprounds. Again, our experience with Tgft 
knockout mice will be instrucUve. 

Generating homozygous mutant knockout animals on a 
mixed genetic bachgroiuui is faster, Tlic ES cells are nearly 
always from a 129 strain, and tho blastocysts into which the 
targeted ES cells are injected are nearly always C57BL/6. 
For reasons unknown, this is a good combination for estab- 
lishing gcnnhne transmission of the iigected ES cells. The 
resulting chimeras can then be crossed with any strain dcf 
sired, but 129, C57BL/6, or Black Swiss mice are most often 
used, and CFl mice were used in the case of our Tgfbl 
knockout mice. Heterozygous offspring from this crossing 
will then be inbred 129 or Fl hybrids of 129 and one of the 
other strains. Clearly then, the quickest route to having the 
knockout allele on an inbred strain is through 129. For tho 
other strains several generations of backcrossing is re- 
quired, which can take well over a year. Unfortunately, 
strain-129 mice have low fertility and fecundity. Conse- 
quently, the number of ofiapring per litter is usually fewer 
than six. Although 129 x C57BL/6 hybrids are more robust, 
upon backcrossing onto CSTBIVG, litter size decreases. Tb 
the contrary, the Black Swiss and CFl strains are robust, 
and litter size often is in excess of 12. The reason for this is 
probably because they are not truly inbred strains, but 



rather are partially outbred through random breeding 
within their respective strains. Therefore, one of the choices 
one has is to stay with "pure" genetics at the expense of a 
lower production rate and considerable delay before genera- 
tion of experimental animals, or sacrifice some genetic pu- 
rity to obtain a more efficient production colony. Ideally, one 
would want to do both, but this often is too expensive. 

Mixed genetic background knockout mice often, have a 
wider mnge of phenotypes. The Tgfbl knockout mice back- 
crossed onto either the 129 or C57BL/6 background 
(congenics) yield only embryo lethality (63, impubhshed ob- 
servations). On the other hand, when tlie knockout allele is 
maintained on mixed genetic backgrounds, embryo and 
adult phenotypes are maintained. 

Tho Tgfb2 & TgfbS knockout mice provide further ex- 
amples. The Tgfb2 knockout mice have more than two dozen 
congenital defects and die either immediately preceding or 
during birth, or within 2 h thereafter (30). Thble 2 indicates 
that most of the phenotypes ore only partially penetrant. 
Though it is not documented, it is likely that the penetrance 
of some of those phenotyjjes would increase to nearly 100%, 
and some of the other phenotypes would disappear were wo 
to put the Tgfb2 knockout allele on inbred back^ounds. 
Hence, the mixed strain background probably provided more 
information than would congenic strains. 

The T^fbS knockout mice have a cleft palate (31). One 
colony of Tgfb3 knockout mice was loft as a mixed back- 
ground (129 X CFl; 50:50) strain, whereas another colony 
was backcrossed sevei-al generations to the Cft7BL/6 strain. 
These two colonies had considerable expressivity differ- 
ences; the inbred colony had more severe defting than did 
the mixed background colony. In the latter, expressivity of 
clefting varied widely from animal to animal. This voriablo 
expressivity within the mixed bacliground colony provided 
us with the opportxmity to obtain far more data on develop- 
ment of the cleft palate and was, therefore, more useful for 
making assumptions about the cellular and molecular 
mechanisms by which TGF^ supports palate fusion. Hence, 
using the Tgfb3 knockout mice, the mixed strain background 
provided more information than did the congenic strain. 
Consequently, a wider range of penetrance and expressivity 
of phenotype is a miyor advantage of investigating knockout 
phenotypes in mixed background colonies. Further, variable 
penetrance of phenotype in a mixed backgroimd colony sug- 
gests that there ore modifier genes for each phenotype that 
could be obtained by linkage studies. 
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Conclusions 

Questions have been addressed tiiat arose from Uie last 8 
years in which knockout mice have been Investigated to ana- 
lyze gene function at the whole animal level These questions 
concern gene redundancy apparent lack of phenotype in a sur- 
prising number of knockout strains, and effects of genetic back- 
ground on knockout phenotype. Using data obtained 
principally from Tgfh and i^feTknockout mice, it is argued that 
there is probably little redundancy in the genome ae., that few 
genes are dispensable for survival of the species). Apparent 
lack of phenotype more likely reflects our inability to ask the 
right questions, or our lack of tools to answer them, than it does 
a true lack of ftmction. Finally, discussion of genetic back- 
ground phenotype variability, including variable penetrance 
and exprcssivi^. was used to present some of the advantages of 
working with mixed genetic badiground colonies of knockout 
mice. For all the examples given here, there are counter ex- 
amples that must be taken seriously; consequently these argu- 
ments must not be taken as absolutes. For example, if a gene in 
a particular mouse strain lias recently been dupHcated, it will 
moat liltely be redundant. If one is studying tissue r^ection in 
a knockout mouse, the genetic background obviously must be 
well defined and preferabty inbred. Or, if one wants to use the 
susceptihility of a particular mouse strain to cancer to investi- 
gate the function of the knockout gene in progression of that 
cancer, the knockout allele must be put on that mouse strain. 
In general, however, whra setting up approaches for in\'e8tigal^ 
ing a new gene knockout mouse, 1 believe one would be well 
advised to assume that: there is little gene redundancy in 
mammals; there are knockout phcnotypes even if none arc Im- 
mediauly apparent; and investigating phenotypes in mixed 
genetic background cnlotiies may not only reveal more pheno- 
types, but m^ lead to better understanding of the molecular or 
cellular mechanism underlying the phenotype, and may lead to 
modifier gene discovery. 
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the taiget gene in a particular place or at a particular time. The most common of 
these recombination systems called Crc/lox. is widely used to engineer gene 
replacements in mice and in plants (see Figure 5-e2). In this case the target gene 
in ES cells is replaced by a fully functional version of the gene that Is flanked by 
a pair of the short DMA sequences, called lox sites, that are recognized by the 
Cte recombioase protein. The transgenic mice that result are phenotypically 
normal. They are then mated with transgenic mice that express the Cre recom- 
binase gene under the control of an inducible promoter. In the specific cells or 
tissues in which Cre is switched on. It catalyzes recombination between the lox 
sequences — excising a target gene and eliminatiiig Its activity. Similar recombi- 
nation systems are used to generate conditional mutants in Drosophila (see 
Figure 21-^). 
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Figure 8-70 Sumnnary of the 
procedures used for making gene 
replacements in mice. In the first 
(A), an altered version of the gene b 
Introduced into cultured ES (embryotdc ' 
stem) cells. Only » few rare ES cells wQI 
have their correspondtr\g normal g«nei ' 
replaced by the altered gene ihroujti a ' 
homologous recombination event 
Although the procedure is often laborfos 
these rare cells can be Idendfied «nd 
cultured to produce many descendant 
each of which carries an altered gent h 
place of one of its two normal 
corre^xjndlng genes. In the next «tcp c( - 
the procedure (B). these altered ES ceOt 
are injeaed into a very early mouse 
embryo; the cells are Incorporated into 
the growing embrya and a mouse 
produced by such an embryo will contain 
some somatic celts {Indicated by oronje) 
that carry d» altered gene. Some of thaa 
mice will also contain gernvline cells dat 
contain the altered gene. When bred with 
a normal mouse, some of the progeny of 
these mice will contain the altered gene b 
all of their cells. If two such mice are in 
turn bred (not shown), some of *e 
progeny will contain xyfo altered ^es 
(one on each chromosome) in all of their 
ceils. 

If the original gene alteration comffctriir 
inacihQCcs the funcoon of the gene, these, 
mice are knovwi as knockout mice. When 
such mice are missing genes thai funaia> 
during development, they often die wirfi 
specific defects long before they reach 
adulthood. These defects are careful^ 
analyied to help decipher the nonnal 
function of the missiog gene. 
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'^ji^sgenic Plants Are Important for Both Cell 
^Slogy and Agriculture . 

a plant is damaged, it can often repair itself by a process in which mature 
^jjgerentiated cells. *dedifferentiate.'* proliferate, and then redifferentiate into 
^^ceXi types. In some circumstances the dedifferentiated cells can even form 
gji apical meristem, which can then give rise to an entire new plant, including 
^jjietes. This remarlcable plasdcity of plant cells can be exploited to generate 
^Jfj^nic plants from cells growing in culture. 

When a piece of plant tissue is cultured in a sterile medium containing 
nutrients and appropriate growth regulators,,many of the cells are stimulated to 
pioliferate indefinitely in a disorganized manner, producing a mass of relatively 
yndifferentiated cells called a callus. If the nutrients and growth regulators are 
jjjfgftiBy manipulated, one can induce the formation of a shoot and then root 
apical meristems within the callus, and, in many species, a whole new plant can 
be regenerated. 

Callus cultures can also be mechanically dissociated into single cells, which 
yf)^ grow and divide as a suspension culture In several plants — including 
tobacco, petunia, carrot, potato, and Arabidopsis—Q. single cell from such a sus- 
pension culture can be grown into a small clump (a clone) from which a whole • 
plant can be regenerated. Such a cell, which has the ability to give rise to all parts 
of the organism, is considered totipotent Just as mutant mice can be derived by 
genetic manipulation of embryonic stem cells in culture, so transgenic plants 
can be created from single totipotent plant cells transfected with DNA in culture 
(Figure 6-72). 

The ability to produce transgenic plants has greatly accelerated progress in 
many aieas of plant cell biology. It has had an important role, for example, in iso- 
lating receptors for growth regixlators and in analyzing the mechanisms of mor- 
phogenesis and of gene expression in plants. It has also opened up many new 
possibilities in agriculture that could beneHt both tlie farmer and the consumer. 
It has made it possible, for example, to modify the lipid, starch, and protein stor- 
age reserved in seeds, to impart pest and virus resistance to plants, and to create 
modified plants that tolerate extreme habitats such as salt marshes or water- 
stressed soil 

Many of the major advances In understanding animal development have 
come from studies on th^ fruit fly Drosophila and the nematode worm 
Caenorhabditis elegans, which are amenable to extensive genetic analysis as well 
as to experimental manipulation. Progress in plant developmental biology has, 
in the past, been relatively slow by comparison. Many of the plants that have 
proved most amenable to genetic analysis — such as maize and tomato — ^hdve 
long life cycles and very large genomes, making both classical and molecular 
genetic analysis time-consuming. Increasing attention is consequendy being 
paid to a fast-growing small weed, the common wall cress (Arabidopsis 
thaliana), which has several major advantages as a "model plant" (see Figures 
1-46 and 21-107). The relatively small Arabidopsis genome was the first plant 
genome to be completely sequenced. 



Urge Collections of Tagged Knockouts Provide a Tool for 
^^ining the Function of Every Gene in an Organisnn 

Extensive collaborative efforts are underway to generate comprehensive libraries 
of miitations in several model organisms, including S. cerevisiae, C elegans, 
^^^phila, Arabidopsis, and the mouse. The ultimate aim in each case is to pro- 
duce a collection of mutant strains In which every gene in the organism has 
^er been systematically deleted, or altered such tiiat it can be conditionally 
?jsnipted. Colliections of Uiis type will provide an invaluable tool for investigat- 
•"^ gene function on a genomic scala In some cases, each of the individual 
•^Mtants within the collection will sport a distinct molecular tag— a unique DNA 
'^quence designed to make Identification of the altered gene rapid and routine. 
• In s. ceretHsiae, the task of generating a set of 6000 mutants, each missing 




Figure 8-7 1 Mouse with an 
engineered defect in fibroblast 
growth filter 5 (FGF5). FGF5 b a 
negative regulator of hair fonnation. tn a 
mouse bddog FQ=5 (ri^t), the hair b long 
compared whh its hecerozirgous iittenmte 
fiFe/^. Transgenic mke wtih (Genotypes 
that nnJmic aspects of a varlot/ o( human 
disorders,includ>ngAfa:heimer1i disease, 
adterosderosis, diabetes, cystic fibrosis, 
and some Vfpt of cancers, have been 
generated. Their study may lead to the 
development of more effective treatments. 
(Courtesy of Gail Martin, from ).M Hebert 
et at, Ccfl 78; 1 0 1 7- 1 025 . 1 m © Elsevier.) 
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whid\ exogcnoui DNA is introduced torn a bacterium 
into a host cell. The mechanism resembles that of bac- 
tcrial conjugadon. Expression of the bactcriaJ DNA in 
its ne\^ bo5t changes the phcnotype of the celL In the 
example of the bacterium Apvimctcrium tvmefadcns. 
the result ts to induce tumor formation by an infected 
plant ceU. 

Atterations in the relative proportions of compo- 
nents of the genome during somatic development 
occur to allow insect larvae to increase die number of 
copies of certain genes. And the occasional amplifica- 
tion of genes in cultured mammaiian cells is indicated 
b>'our ability to select variant cells \^-ith an increased 
copy number of some genes. Initiated within the 
genome, the amplification event can create addidonal 
copies of a gene that survive in either intrachromoso- 
mal or extrachromosomal form. 

VMien extraneoua DNA is introduftfd into eukary- 
otic cells, it may ^vc rise to cxtrachromosomal forms 
or ma>' be integrated into the genome. The rxriacionship 
bctv^xicn the cxtracKromosomal and genomic forms is 
irrcgiikr, depending on chance and to some dcgr-cc un- 
predictable evcnu, rather than resembling the regular 
interchange between free and integrated forms of bac- 
tcrial plasmids. 



Yet, however accomplished, the process mav kad to 
stable change in the genome; following its injection 
into animal eggs. DNA may even be incorporated into 
the genome and inherited thei^after as a normal con,, 
ponent. sometimes; continuing to function. Injected 
Dhf A may enter the gcnmline as wci\ as the soma, crcat- 
ing a transgenic animal. The ability to inijoduce sp*. 
cific genes that function in an appropriate manner 
could become a major medical technique for curin* 
genetic diseases. * 

The converse of the introduction of new genes is 
the ability to disrupt specific endogenous genes 
Additional DNA can be introduced within a gene to 
prevent its expression and to generate a null allele. 
Breeding from an animal with a null allele can generate 
a homozygous "knocfcout'; which has no acthre copy of 
the gene, Thii is a po^^^^rfuI method to invejiigaie di- 
rccdy the importance and funaion of a ger»c. 

Considerable manipulation of DNA sequcjices 
therefore is achieved both in authentic situations and 
by cx|.>^imcntal fiat. We are only just beginning to 
work out the mechanisms that permit the cell to re- 
spond to selective pressure by changing its bank of se- 
quences or that albw it to accommodate the intrusion 
of additional Sequences. 



The mdtiiig pathway is itriggered by signal 
transduction 



THE yeast S, ccnemiae can propagate happily in ci- 
ther the haploid or diploid condition. Conversion 
beti**een these slates takes place by mating (fosion of 
haploid spores to give a diploid) and by sporulation 
(meiosis of dii^okU to give haploid spores). The a bility 
to engage in these activities is determined by die mat- 
ing type of the strain. 

The properties of the two mating types are sum- 
marixed in Figure 17.1. We may view them as rest- 
ing on the teieological proposition that there is no 
pomt in mating unless the haploid* are of different 
genetic types; and sporulalion is productive only 
when the diploid is heterozygous aixl thus can gen- 
erate reoombiainis. 

The mating type of a (haploid) cell is determined by 
the genetic information present at the Af ATlocus Cells 
that carry the MATa aUele at diis locus are type a: like- 



wise, cclLs that carry the MAta aOcle are type Cl CelU 
of opposite type can mate; celU of the same Im 
cannot. 

Recognition of oelJs of opposite mating t>^pe is 
FIguro 17.1 Mating typo controls severaT aotMties* - 
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Preface 



Over the pasi ten years it has become possible lo malcc esscntiaUy any muta- 
Uon in Uic gemlinc of mice by utilizing rcComWnaUon and erabryonic stem 
(£S) ocUs, HonM>logous rccounbination when applied to uUcring specific 
endogenous genes, rcfeit^d to as gene targeting, provides ihe highest Icvd of 
control over producing rauiations in cloned genes. When, this is oombmcd wHh 
site spedlic TccombinaUon, a wide range of mutatkms can be producrd. ES cell 
lines arc rcmaikaWe since after being cstabUshcd from © blastoc>'st, they can 
be cultured and manipulated reJatlvely casUy in vitro and stUl mainUiin their 
abiUly lo step back into a normal dcwlopraental prograro when returned to a 
prc-implantation embryo. With the exponential increase in Ihe number of 
genes identified by various genome projects and genetic screens, ii has become 
imperatiw that cindent methods be developed for dctemimng gene functicm. 
Oeno tarscting in ES cells olfers a powerful approach to study gene function in 
a mammalian organism. Gefte trap approaches In ES cells, in particular when 
they aie combined with sophisticated prcscreens, offer n<jl only a route to gene 
discovery, but ahW) to gain information on gene se<tuence, expression and 
mutant pbcnotype. 

The basic technology necessary for maXin^ designer mutations m mice has 
become widespread and researchers who have traditiraially used cell bdotogy 
or molecular experiments arc adding gene targeting techniques to their repcf- 
totre of experimtal approaches. A second edition of Ihfcs book was written for 
two main reasons. The first was to update previously described techniques and 
to add new techniques that have greatt>' expanded the types of rautaiions that 
can be miuJe using recombination in ES cells. A chapter in this new cdiUon 
describes the design und use of site spcdflc recombinatioo for gene targeting 
approiwhcs and production of candiltonal mutations, "^llte second reason for 
the new book was to provide a more in depth discussion of the cxpcrimeoial 
design considerations that ore critical to a successful gene targeting study and 
to add approaches for analyzing mutant phenotypcs; the most interesting 
part of an experiment Gene targeting experiments should be dcsagiwd lo 
go far beyond just making a mutant mouse. The success of a gene targeliitg 
experiment no longer Ucs in the making of the mutaticw, but depends on the 
imagbativc and insightful analysis of the mutant phenotypcs thai the mutation 
provides. A chapter in this edition describes the use of classical gpneucs m 
combination with gene targeting to get the most out of 4i genetic approach to a 
biological question. 

The nature of in vivo gene targeting studies of gene function are si»ch that 
criiicsil design decisions tnxisx be made at every step in the cxpermient, and 
each decision can have a major impact on the value of the Lnfonnation 
obtained. From the start, the type of mutation to be mndc must be considered 
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carefuUy. Wbcrcas 10 years ago most muiaticwis were designed lo create null 
mutatkuss and ^^rc therefore relatively simple to design, at present^ a null 
matatton is only one of a long list o( mutations: that can be made, each provid- 
ing different insight into the function of a gene. Point mntations, large detc- 
tiotss, gene exchanges (knodcHos) and conditional mutations are but a few of 
the choices one faces at the start of a gene Cargeiing experiment. The next 
choice t$ the source of DN A for the targeting experiment and ES cell line to be 
used for the manipulations. Once the mutant ES cell clone has been obtained, 
there are then a number of altemaiive approaches that can be used to make 
ES cell chimeras thai depend on the ES cell lime which was used Finally, and 
most importantly, is the analysis of any phenotypc that arises, This second 
addition discusses techniques used to analyze anutant mice, ranging from stan- 
dard descriptive evaluation, Co a chimera analysts or complicated breeding 
cxpcrimcni* that utilize double mutaiiia. If mice are amply considered a% a 
*bttg of cells* or an In vivo source of selected cell types;, then the tremendous 
resource which mice offer as a mode) organi;^ is not being realized. The life of 
a mouse represents a continuum of dynamic processes, induding pattern for- 
mation, organ development, learning, homeostasis and disease. By making 
genetic alterations in mice ifising gene tJkrgetioig and £S cells, the effects of 0 
given change can be studied In the context of tbe whole organism. 

My goal In editing this book was to provide manual that could take a new- 
comer to the exciting held of gene targeting and mutant analysis in mice from a 
doned gene to a basic understanding of the genetic approadies available using 
ES ceUs» and how each technique can be used lo design a particular in vivo tesl 
of gene function. The book should also provide a valuable bench side rcsoiu^cc 
for anyone canning out gene targeting or gcmc trap experiments, a chimera 
analysis or dassical genetic approaches. I would once again like to extend 
many thanks and my deepest appreciation to all the authors for their great 
efforts in Induding deulled protocols and laidd dtsacufisions of the various 
approaches presented, I would also like to thank my family for their strong 
support and laboratory members pas* and present for helping to make gene 
targeting a reality. Finally, since many of the techniques use mice, the experi- 
ments iiho^ild be carried out in accordance with local regulations. 

New York, NY A,LJ. 
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Gene targeting, principles, and 
practice in mammalian cells 

PAUL HASTY, ALEJANDRO ABUIN, and ALLAN BRADLUY 



1. Introduction 

When a fragment ol gctiomic DN A is introduood into a raammalian ccU it can 
locate and rcootnbiDC wiih the endogenous homologous sequences. This type 
of tMjraologous recombinatioo. fenown as gene targeting, is tlje 5ub|ect of this 
chapter GenC targeting has been widely used, particulafty in mouse cm- 
bo'onk stent (ES) cclfcs, to make a variety of mutations in many different loci 
$0 that the phenotyptc consequences of specific genetic modifications can be 
assessed in the organism. 

The first expcriniedial evidence for the occurrence of gene targeting in 
mammalian cells was made using a fibroblast cell line with a selectable 
artificial locus by Lin et qL (1 and was subsequently demonstrated lo occur at 
the endogenous p-globin gene by SrolUiics et al cn eryihroleukaeraia cellii (2), 
In gencr«)L the frequencies of gene inrgeting in avatnmalian cells are relatively 
low co9npdnt;<J to yeasi celU and this n pfoM>ly related to, at least in parL a 
oonipctir^ pathway: efficient integration of the transfectcd DNA into a ran- 
tkHxi ctiramosomal ntc. The relative ratio of tarigetcd to raadom iatcgraiion 
events will determine the c^isc with ^tich taisctcd dones are identified in a 
gene tatgjetlng experimeni. ItUs chapter details aspects of vector desi^yi which 
can determine tlic cfftcdcncy of recombination, the type of mutatioa that may 
be generated in the target loous, as vwU as the sclccttoo and screening 
strategics which can be used to identify clones of ES cells with the desired 
targeted modification. Since the most oonunon experimental strategy is to 
aWate the function of a target geue {null alhie) by Introducing a selectable 
marker gene, wc imtially describe the vectors and the selection schemes which 
arc helpful in the idcntiQcation of rccombinanl doacs (Seaions 2-5). In 
Section 6, w describe the vectors and additional considerations for gener- 
ating subtle muutions in a target locus devoid of any exogenous sequences. 
Finally, Section 7 is dedicated to (he use of gene targetbg as a method to 
express exogenous genes fronn ^cdilc endogenous regulatory elements in 
vrVo, also known as ''knock -in* strategies. 
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enrich populattoos of iransfectcd cells for targeted inlcgmiioa cvcnis (Section 
4^1). 

2,1 Design considerations of a replacement vector 

The principal consideration in the design of a replacement vcaor, is ihc type 
of mutaUon generated. Secondary (yet still important) considerations reUtc 
to the selection scheme and screening techniques required to isolate the rc- 
combinQnt clones. The recombinant alleles generated by replacement vectors 
typically have a selection cassette inserted into a coding eacon or replacing part 
of the kicu*. It is iraportani to consider that, cxom interruptions and small 
deletions will not necessarily ablate the function of tbc target gene lo generate 
a null allele. Consequently, it is necessary to confirm that the allele which has 
been generated is null by RNA and^or protein ana»>^i5 and In many cases 
transcripts and truncated proteins from such a mutant allele can be detected- 
Considering that products from the mutated locus may have some function 
(nt>mial or abnormal) it is important to design a replacement vector so that 
the targeted allele is null, particularly in the absence of a good assay for the 
gene product. Disruption or deletion of the coding sequence by the positive 
selection mailccr will in most instances ablate a gene's function. However in 
some situations a truncated protein may be generated which retains soaw 
Wolofiical activity, thus some knowledge of mutations in a related gene in 
another organism can be helpful in the determination of the possible (Unction 
of a tarried allele. Null alleles arc more likely to occur by deleting or 
Tccombining a selection cassette into more 5' cxons rather than cxons that 
encode the C-tcrminus of the protein, smoc under these rircumstunces 
minimal portions of the wild-iypc polypeptide would be made. 

There arc several considcraUons to take into account when a positive 
selection marker is to be inserted into an exon. One critical considerauon is 
thai dnce the length of an exori CAR isiflucftcc RKA spUeitig C3), an artificiaUjr 
large cxon caused by the insertion of a selectable marker may not be 
recognized by the splicing nuichinery and could be skipped. Thus, transcripts 
iailialcd from the endogenous promoter may delete the mutated exon from 
Ihc mRNA species or even additional exons. If a skipped exon is a codmg 
exon whose nudcoiide length is not a multiple of three (codon) the net result 
will be both a deletion and a frame-shift mutation of the gene, which will 
often generate a nuU allele. However, if the disrupted coding exon has a 
nucleotide leoglh which is a multiple of three, if spliced out, this would result 
ia a protein with a small in-frame deletion which may retain partial or ocwn- 
pJctc function. The same concept apj^lics to gene targeting vectors in which 
excns arc being deleted and replaced by the selectable marker. Deletion of an 
exon or group of exon* with a unit number of codons may also result in a 
functional protein proditct with an in-frame deletion. For most purposes it is 
advisable to delete portions or all of the target gcibc so that the genetic 
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Production of targeted embryonic 
stem cell clones 

MICHABL P. MATISH. WOJTEK A.UERBACH and ALEXANDRA L. 

JOYNER 

1. Introduction 

The discovery that ctoocd DNA introduced into tissue culture cells can 
undergo homologous recombination at speaflc chromosomal lod has 
revtitutionized our ability to study gene function in cell culture and m vivo. In 
theory^ this technique, lermcxi gene targeting zllovis one to generate any type 
of mutation in any cloned gene. The kinds of mutations that can be created 
jndudc null mutations, ]>olnt mutations, deletions of specillc fundional 
domains, exchanges of functional doimiins from related genes, and gain-of^ 
funaioa mutations in ^liich exogenous cDNA sequences ore inserted 
adjacent to endogenous regulatory scquciKcs. In principle, such specific 
genetic alterations can he nuide in any cell line growing in culture. However^ 
not aU cell types can be maintair>ed in culture utidcr the conditions ncce^ry 
(or tntnsrection and selection. Over ten years ago, pturipotcnt cmbr)'onic 
stem (BS) cells derived from the inner cell mass (lOl) of mouse blastocyst 
stage cmbr>'os were isolated and conditions defined for their propogiation and 
maintenance in culture (1,2), ES cell« resemble ICM cclb ra many re^ccis^ 
including their ability to contribute to all embryonic tissues m chimeric mice. 
Using stringent culture conditions* (ho cmbr><onic devek^pmental potential of 
ES cells can be maintained follo%»'ing genctk manipuUitions and after many 
passages m vitro. Furtliermore, permanent mouse lines carrying genetic atlcr- 
ations introduced into ES cells can be obtained by transmitting the mutation 
thiough the gcrmlinc by generating BS cell chimeras (described in Chapters 4 
and 5). Thus, applying gene targeting techi>ology to ES ocUs in culture affords 
rcscard)er$ the <^port unity to modify* endogenous genes and study their 
function in i^ivo. In initial ^^tudicsH one of the main challcoiges of gene targeting 
was to distinguish the rare homologous recombination events from tnore com- 
monly occurring random integrations (discussed in Chapter 1). How'cver, 
advances in cell culture and in selection scheineSt in ^NxAor construction using 
isogenic DNA, and in the appUcatton of rapid screening procedures have 
made it possible to idenitfy homologous rooombinattoa events efftckntly. 



What's Wrong With 
My Mouse? 

Behavioral Phenotyping of 
Transgenic and Knockout Mice 



Jacqueline N. Crawley, Ph.D. 



®WILEY-LISS 



A John Wd^ & Sons^ Inc., FubUcaHon 
New^M ♦ CMchoster • Wetnhelm • Bifitoano • Singapore • Tbronto 



Tliu book »^ w-riiten by Dr. Jicqucllitt Crwtey ta her ptho* opodfty, octstd* ofbtt imrfwfumfij po<&;i 
ChieCSectwnoti Bc^^wicf■lNc^IOph«ItnlcoIQ«^Nolu^ InstiflUteofWHitil HetKh. Bctbndi. Nlxirylw 
USA. Tte etpcoMd in Oil* tK>ok A* col flWessatiiy ttpnaoM the virwi of Uw N>ikmil InstituiBi of 
Heoldi or of ibe United Sciics eovvmmRit. 



While amhon; oditon» wd poMiihcf Wkrve dat dn« wteaiaa md 6<rt»se tnd iha sprcinetfloo oid onve 
of ca^pnumt irf *vloea^ a* frt twtb ill ite bwflc, w 

ibf tkme of pubficitloo. they acoep* » fegnl iwfiaittiblljty to any enOfS or cmissxnn, «K) «ukc no winaiu>\ 
«preB or «nplie4 Witt respoci 10 imterial ooB^^ 

nwdifKaliWB. ctoangBs in pfiXxnmtgntiA rcpiIittioM and tlw coosUW flow of informailoft telnang to dni« 
therapy, (ku» tcictioo^ and (b« of cq^^ 
ttdbrntttfaofnowdrd ui Oio i»cfcjtse hsa^ 

■ml* bock U printed wi «cut6of pstpw. 

Copyright O MOO by Wiley>UM. A4I rights reserved, 

PdUishcd sUnidtaceously m Ci«ada. 

No piift of this prt<5t«tt» nay be a^aotSKtU iwred io ■ ictf1ci.tii «>tm ct tiwiimhiod in iny form of ony 
wtarwv eled™«. tawtomcd. pbatoooryli^a. *aruiio3 oro&tmitt, except u iw^u™ta 

Sefltlans lOT w I W of the U«5»«4 Statw CopyrishI Acu widwal rilhw the pri« wwnmi penwiMioo of the 
Publisher. Of ■«*hnHzati« fltooujb W 

222 Drix*. Di«««. MA (H^D, (978) ?50*ta>, e» (978) RKpiitt m the hiblrfw for 

pmmKioo »fcc*ddbe oddi^ i»th« Ptrnnisiom Dcpartmait. John Wiky & Sonsv Int. W5TJuriitoyuUC. 
5^\bA, KY 101584)012. OH) Bt5(W0I MttUtZ) 8i(MS008, E-NWi: (>l!RMR£Q @ WlLfiV.COM. 



I^M onfeiif« aod cwtoocr sw^boe. cull I -SOO-CALL-WtLEY. 



Wtat^ wicett »Uh in>' mouse? : Wutooral phcnoiypi^g of trouBiaric 
■ixlliKTckuui Rtt« / htoqwlnpe N. Ctawby. 
pi ctti. 

bKtudtf bibUcgn^iancal fefevences. 
ISBN0-rtl'3l63^3(<3ath i aTk. papw) 

I, raeurnfiwetic*— Anlemi ■ttodefa. 2. TfsrugHac aako—Btfbavioi. 
L TUte. 

S73^*48*0734-<Jcl1 9^28935 

Printed in lbs United Scatrt of Anacrlc^. 
10 9 8 7 6 3 4 



Preface 



targeted mutation of genes cxpresstd tn the nervous system is an exdlbig tww research 
field that is fofgrng a rcnuiiluiWe ammlgam of roolcctilar genetic* and beJiavSoraJ ncuro- 
science. My laboratory b Betbewto has been Ihc fortunate rccipiem of liRiW ftom many 
tttolecular geneticists over the past five years, vrtw come to ask, '^What's wrong with my 
mouse? Can ywi tell us what behaviors: are abnormal in oui null muranta? And Iww do you 
measure behavior, sraywayT' 

We have had some remarkaWc oppoitunhies to coJlaborale with outstanding molccutar 
geDetidst« in the National Institutes of Health Intranauml Research Ingram and througli- 
wt titt ^rld «a iisvcatigfliiQils of the hehavioral effects of mutations in geoK exprei^ed in 
the mouse brain. Each of these collaborations has been a leanung experience, ittcreasing 
our understanding of the optimal experimental design ftw ona^ng behavtoral phenotypcs 
of mutant mice. What are the bejt tests to address each 8pcci5c hypothesis? Which meth- 
ods wort best for mice? Which rat tasks can be adapted for mice? ^Tiat arc the correct con- 
trols? What are the hidden pitfalls, lurking artifact*. fbUe positives, and false ncgativcB? 
Which statistical tests arc most scnsiti w for detection of the genotype effect? What is the 
minimum mmibcr of animals necessary for each genotype, gender, and age^? Our labotmtory 
and ttmxy othcis arc gradually worldng out the best methods for bcto-torul pbcnotyping of 
utmsgenic and knockout mice. 

In the same coovcrsations, molecutar genelicists frequently oskcd me to recommend a 
book the)' couW consult to leant more about behavioral tests for mice. Appareaitly the sci- 
entific book puhlishcrs aic rcceWng simitar c;ucrics. Ann Boyle and Robert Hanngton at 
John WDcy & Sons, com-inccd of a real need for such a book, swcct-talked me into filling 
the void. What's Wnrng With My Mouse? ts \nrittcn for these pdoncerme molecular geneti- 
cists, and for the talented tttidents who will be the next driving force in moving the field 
forward. 

On 0 personal level, 1 wxwUd like to express deep appieclatioo to all of my bcha%ioral 
rMnrnxsctenast colleagues ariiund the world for their outstanding v^orlc, past, present and fu- 
ture. Your contributions to the excellence and abundance of mouse behav'iofml tests provide 



th« foundation for the npidfy expanding scientinc disanwicj forthcoming ftxwn behavioral 
phenotyptng studies of tran^nic ond Icttockout mice. This book is a testamem to your ac- 
compUshinents. 



Jacqublikz N. Crawlby, Ph J). 

Ckivy Chatr. MaiySarut 



Designer Mice 



The disease is inberiicA Family pcdi«r«« indicaitc mi autOKwrnJ daminam gen*. Untoge 
ana)>'scs reveal one strongly wsocbied chKrawsomal locus. Mapping idcniifks the gene. 
The cDNA for the gene b sequenced. The anatomical disiriburion of the gene is primarily 
in the hraia. The symptoms of the disease art pfimariJy ocurofwychiatric. There is no intai- 
ment for the disease, The disease is lethal. 

Vour mission, should you choose to accept it, is to develop a troatmcirt far the disease. 
Replacement ge«c therapy U the be*t hope. But you don^t know the gene pioduci, ytyu 
don't know iU tbnctitm, and you ddftt kB6W if gene deliwiy would be therapeulic Wlarc 
do you Stan? 

These day*, you may choose to start with a targeted gene mutation* to generate a mutant 
mouse model of the hcreditaiy disease. A DNA coosmict cootaimng the mutated f<mn of 
responsible gene is developed. The consmict h insened into the mouse genoone. A Unc of 
mSce with the iraitaJed gene is Bcoeratcd. Cha^^ 
comparison to noimal cootioK Salient characteristics rc^ 
tiiaicd. These discaseUlce traits are then used as: test v-ariables for evahi^^ 
of treatment, puiaih* treaxmcnis art administcicd to the mutant mice. A tream^ 
vents or reverses the disease traits to the muian* mice b taken forward for further testing as a 
poiteattial therapeutic treatment for the human genetic disousc. Ococ thcreR^* based on targeted 
gene rrplacement of the missteg or tocorrect gene in the human hereditary disease. U de- 
scribed in Chapter 1 2. In the future^ medkmc na^ diift etitph^ 
to Bdministerii^ replacement genes that effectively ao^ 

Targeted gene matadon in mice represents a new technology that is rcvoluUoniiiflg bio- 
medical research. TVansgente mice have an extra gttu added An additional copy of a nor- 
mal gene is inserted into the mouse genome 10- «mdy ovicrexpiession of the gette product Or 
a new gene b added thai is not noimaUy pie«em in the mouse genome. Hie new gcoe may 
be the aberrant fomj of a himkan gjcnc linked to a disease. For exi^ 
the huinan hmtingtin gene is added to the naousc genome eo generate a mouse model of 
Huntington's disease. Knockout mice have a g^e dieted. The null mutant homozygous 
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2 cesna^utce 



knockout mouse is dcficicat m both nUclcs of a gene; the hetmzygote is deficient in one 
of its two alWcs for Ibc gene. The genotype is for the null tliuumt, H- for ibe hct- 
erozygotc, and +/+ for the wildtype normal control. The plienotype is the set of o4>- 
sen'ed characteristics resulting froin ttie mutation. Pfacootypei iiKlude biochea\jcal. 
amtonucat phystotogical and behavtonil chamcteristics, 

Tui^ctcd nuitations of genes expressed in the brain are re^xaling the roccbanisros wider- 
»yin$ nOTmal behavior {Uid bchaviotal ebnarmalitics. Mouse models of human ueoropsy. 
chiatHc dheasM, such as Afacfaeimer^ disease, Paikinsoa^ disease, Huntbgton^ disease, 
amyotrophic lateral selejosis, obesity, aiwrexia. dqwcssion, alcoholism, drug addiction, 
schizophrenia, and anxiety, are likely to be characterized by their bchaviorai phenotype. 

This book is designed to mtroducc the novkc to tfic rich literature of bchaviofaJ tests in 
mioc and to show how to optimize the application of these tests for behavioral plienot>ping 
of mutant mice. Boscd on cm experiences^ our laboratory is \A^>rking towaid a unified ap- 
proach for the optimal conduct of behavioral pibenotyping experiments in mutant mice. 
Recommcndatioas are oflleied for a ihree-ticrcd sequence of behaviomi tests, applicable to 
each behaviotal domain relevant to genes expressed in the mammalian brain. 



SCOPE 

This book is designed as an o^wiew of the mutant mouse technology and an introducion 
to the field of behavioral ncurosciencc^ as it can be applied to behavioral phenot)ping of 
tnwisgenic and knockout mice. Molecular geneticists may browjie thipogh the chapters rcl- 
c%'ant to their gene, to get ideas for possible tests to try Behavioral newoscwntists who ha\x 
DO cxperittjoc with mutaal mioc may wish to read about the methods for developing a trans- 
Bcnic or knockout, the- behavioral tests that have been effectively applied and some of the 
succcssftj experiments published in the genetics literature. 

Chapters are organized around bchaviorai domains, including general health, ocurolog- 
ical Ttflcxcs, devclopmcntol milestones, motor functions, msory abilities, learning and 
memory, feeding, sexual and parental behaviors, social behavior*, and rodent paradigms 
rcle\'!mi to fear, anxiety, depression, schizophrenia, reward, and drug oddiclion. Each chap- 
ter beglitt with a brief history of die early work in the field and the pnisent hypodicses about 
medtatiJims underlying the expression of tlic behavior, A list of gcneiul review articles and 
hooks is offered for each topic, encouraging the interested reader to gain man in-depth 
knowledge of the relevant literature. 

Standaid test« are then presented m detail, t lightighted are those tasks that have been ex- 
tensJviefy validated in mice. Demonstrations of genetic ootmpoitenis of task performance are 
dcscril>ed, iiKlttding expcrimcats eomporiag iiAred strains of mice (strain distributionsX 
quantitative trait loci approaches (linkage analysis), and naturally occurring mutants (spoo>- 
taneoufl mufatioos). Experimental design and specific behavioral tasks are presented as 
simply as possible. Extensive references arc included for each behavioral test to obtain 
more conqjleie methods from the primary cKperimetital Hienmnr on the topic 

Ulu^rations ore prmided for the most frequently used behavioial tasks. Photograph* of 
the equipment ox diagrams of the task acconopany d*e teao. Samples of data are shown. The 
data presentation is designed to intficmc U)e qualitative and quantitative results that can be 
expected when the task is properly conducted 

Each chapter includes die results of several rcprcsjcotaJivc experiments in wliich these 
tasks ore sucoessfu% applied to charactcrias transgenic and knockout mice. Examples are 
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MOUSE 




Transgenic and knockout mutations provide an important means for understanding gene 
furKticri. as well as for developing therapies for genetic diJcavGS. This engaging and inforniativc 
book discusses the many advances in the field of transgenic technology that have enabled 
researchers to bring about various changes In the motuse genoni^c. Equal emphasis is given to 
both the prificiplcs of transgenic and knockout methods and their applications. A clear and 
concise format provides researchers with a comprehensive review of the behavioral paradigms 
appropriate for analyzing mouse phenotypes. 

What's Wrosi^ wUh My Mouse? Qxp\&m<^ the differences between tranjgcnic knockoi/t mice and 
their wild-type controls, while providing critical informatkjn about gene function and CKpres* 
ston. This volume recognises that r^ewly identified genes can provide useful insights into brain 
functioning, including brain malfunctioning in disease states. Written by a world-renowned 
expert in the field, the material also covers: 

• Hdw lO generate a transgenic or knockout nf^ouvo 

• Motor functions (open field, holeboard, rotarod, balar^ce, grip, circadlan activity, etc.) 

• Sensory abilities {olfaction, vision, hearing, taste, toojch. nociception) 
f Reproductive behavior, social behavior, and emotional behavior 

Researchers in neuroscience. pharmacology, genetics, developmental biology, and cell biology 
will all find this book essential reading. 



^)WILEY-L1SS 

A |l'>HN WILhY Sn.M.S, LNC. rUliLI<:.M'tl )N 



ISBN 0-M7l-3ib3q-3 




This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

|2J color or black AND WHITE PHOTOGRAPHS 
□/GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



